We report on the use of the chemostat as an optimal device to create time-invariant conditions that allow accurate sampling for various omics assays in Escherichia coli, in combination with recording of the dynamics of the physiological transition in the organism under study that accompany the initiation of glucose repression. E. coli cells respond to the addition of glucose not only with the well-known transcriptional response, as was revealed through quantitative PCR analysis of the transcript levels of key genes from the CRP (cAMP receptor protein) regulon, but also with an increased growth rate and a transient decrease in the efficiency of its aerobic catabolism. Less than half of a doubling time is required for the organism to recover to maximal values of growth rate and efficiency. Furthermore, calculations based on our results show that the specific glucose uptake rate (q s ) and the H + /e " ratio increase proportionally, up to a growth rate of 0.4 h -1 , whilst biomass yield on glucose (Y x/s ) drops during the first 15 min, followed by a gradual recovery. Surprisingly, the growth yields after the recovery phase show values even higher than the maximum theoretical yield. Possible explanations for these high yields are discussed.
INTRODUCTION
Systems analysis of bacterial adaptation has revealed that the flexibility in the prokaryotic part of the tree of life is facilitated primarily by modulation of the rate of transcription of individual genes of an organism, as well as regulons thereof (Balázsi et al., 2005; Gottesman, 1984) . However, considerable uncertainty still exists as to what extent post-transcriptional regulation also contributes to this adaptability. To clarify this issue, well-defined experimental systems have to be made available, and characterized, that allow parallel sampling for transcript profiling and proteomics, under conditions in which a well-defined transcriptional response can be elicited reproducibly.
Glucose-induced carbon catabolite repression (CCR) is one of the most extensively studied processes of global transcriptional regulation in Escherichia coli (for review, see Deutscher et al., 2006) . During the process of glucose repression, E. coli cells lose the ability to catabolize any of a large series of sugars as their carbon and energy source (Gorke & Stülke, 2008; Postma et al., 1993) . Increasing glucose concentrations decrease the relative phosphorylation level of Enzyme II A (glucose) , which in turn activates adenylate cyclase and inhibits directly several sugar uptake systems. The increased levels of cAMP that are the result of this activation, together with the cAMP-binding protein cAMP receptor protein (CRP), globally modulate transcription in this enterobacterium.
Many studies that have been carried out so far on CCR have used cultivation of E. coli cells in shake flasks in either a complex medium (Gosset et al., 2004; Khankal et al., 2009) or a minimal medium (Liu et al., 2005; Oh et al., 2002; Silva et al., 2006; Vollmer et al., 2003) . The conditions generated/ present in such a system are often falsely assumed to represent a quasi-steady state, because in such batch cultures the E. coli cells are generating and experiencing significant changes in their physico-chemical (pH, pO 2 , etc.) environment during the course of such an experiment (Bekker et al., 2007) . As an alternative approach, other studies compared the characteristics of a WT E. coli strain with that of (a) mutant(s) lacking, for example, the main CCR regulator CRP, for analysis of the genes regulated by the catabolite repression response. Use of such mutants, however, could mask the occurrence of minor or even major physiological responses to these physico-chemical changes. In addition, such studies comparing the WT organism with selected deletion mutants suffer from the fact that the mutations may have indirect regulatory effects and preclude an analysis of the dynamics of the initiation of the glucose repression response.
In this investigation, therefore, the chemostat culturing technique was selected as a tool to study omic responses related to CCR. This technique allows for maintenance of a chemically constant environment, in which microorganisms can be cultivated in a highly reproducible manner, whilst the growth rate of the organism and environmental conditions are kept constant (Monod, 1949; Novick & Szilard, 1950) . The steady-state condition in the chemostat provides an unbiased physiological condition in which the growth (rate) of E. coli can be fixed and can be limited by one single nutrient, e.g. the carbon and energy source glucose. This condition (i.e. of glucose limitation) thus creates an optimal reference condition for complete lack of CCR. Furthermore, this culturing technique allows us to use the WT E. coli strain throughout all experimental procedures and therefore eliminates any bias that may be introduced through genetic manipulation.
Chemostat culturing has been applied in many studies within the field of microbial physiology, especially for optimization of metabolic fluxes for industrial application (Hoskisson & Hobbs, 2005) . Moreover, many studies have reported that chemostat cultures can provide very reliable and reproducible omics data that are well interpretable in terms of altered physiology of the cell (Boer et al., 2003; Kolkman et al., 2005; Piper et al., 2002; Wick et al., 2001 ). The latter is substantially contributed to by the fact that in the chemostat the effects of environmental modulation, and of variation in growth rate, can be stringently separated (see, e.g. Castrillo et al., 2007; Hayes et al., 2002) .
Here, we report on a method for studying the CCR response in E. coli, using glucose-limited steady-state growth conditions in the chemostat, as the condition in which CCR can be induced with addition of a saturating pulse of glucose, while simultaneously interrupting the chemostat pump (see Fig. 1 for a schematic outline of the experiment). Using this approach, the growth environment is kept, though not fully, still relatively constant throughout the experiment. Furthermore, this experimental design is unique in that it requires neither the use of mutants nor an intermediate washing of the cells (Gosset et al., 2004; Khankal et al., 2009; Sunya et al., 2012) .
The characteristics of the transcriptional response, elicited upon addition of the glucose pulse, partially concur with previously obtained data (Gosset et al., 2004) . However, we also uncovered data that contrast with the results from previous studies. We showed that these observed discrepancies are in accordance with the physiological response resulting from CCR. Future work will aim at simultaneous recording of transcriptome and proteome data in this system. Such data, together with a stringent statistical analysis, will allow us to compose a list of genes that are subject to posttranscriptional regulation during CCR.
METHODS
Bacterial strain and growth conditions. E. coli MG1655 was grown under glucose limitation in 2 l chemostat vessels (Applikon) with a working volume of 1 l at a dilution rate of 0.2 h
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. A defined minimal medium (Evans et al., 1970) A glucose pulse experiment was performed by directly injecting a concentrated glucose solution into the bioreactor, to achieve a final concentration of 9 g glucose l 21 . The injection volume was~2.5 % of the total working volume. The medium feed was stopped simultaneously, and cells were harvested at 5, 15, 30, 60 and 120 min after this glucose pulse. Cells harvested at steady state were used as a time 0 reference sample.
Analytical procedures and metabolic flux calculations in chemostat cells. Bacterial dry weight, under conditions of steadystate growth in the chemostat, was measured as described previously (Herbert et al., 1971) . The concentrations of the residual glucose and of a series of fermentation products in the fermenter vessel were determined by HPLC (LKB) equipped with a REZEX organic acid analysis column (Phenomenex) and a 7RI 1530 refractive index detector (Jasco). Samples were analysed at 40 uC by using 7.2 mM H 2 SO 4 as the eluent. AZUR chromatography software was used for data integration. CO 2 production and O 2 consumption were measured by a Servomex CO 2 analyser and a Servomex O 2 analyser, respectively, through the off-gas of the bioreactor. Metabolic fluxes were calculated as described previously (Alexeeva et al., 2003) .
Flux calculations during dynamical transitions. Specific rates of glucose consumption (q s ) and acetate production (q acetate ) were calculated using the mean flux analysis method as described in Niklas et al. (2011) . Briefly, the time after a glucose pulse was divided into five different metabolic phases (periods I-V) as shown in Fig. 3(a) . Then the estimated mean specific growth rate m (h 21 ) and biomass yield per substrate (g g 21 ) for each period (i.e. I-V) were calculated as:
where C i is the metabolite concentration i (in mM) at a given time point and B is the biomass concentration (in g l 21 ) in the bioreactor.
RNA isolation and real-time quantitative PCR. Cells were harvested from the chemostat by conventional rapid sampling (using the slight overpressure in the chemostat) directly into RNAprotect Bacterial reagent (Qiagen) for stabilization of mRNA, according to the manufacturer's instructions. This sampling method has a time resolution slightly better than 1 s (Lange et al., 2001) . Cell pellets were immediately frozen with liquid nitrogen and stored at 280 uC until use. RNA was isolated by using the phenol/chloroform extraction method, modified from Chirgwin et al. (1979) , and cleaned with the help of an RNeasy Mini kit (Qiagen). RNA (0.4 mg) was used to synthesize the first strand cDNA using RevertAid First Strand cDNA Synthesis kits (Fermentas), following the manufacturer's protocol. The final concentrations of cDNA and primers in a total volume of 20 ml were 20 ng and 80 nM, respectively. The primers used in this study are shown in Table S1 (available in the online Supplementary Material). Real-time PCR was performed using the 7300 real-time PCR system (Applied Biosystems) and universal cycling conditions (2 min at 50 uC, 10 min at 95 uC, 40 cycles of 15 s at 95 uC and 1 min at 60 uC). Cycle threshold (C t ) values were determined by automated threshold analysis with ABI Prism version 1.0 software. The amplification efficiencies were determined by serial dilution.
Data were normalized using rimM as the reference gene. Relative changes in gene expression level were calculated with the formula (Livak & Schmittgen, 2001) :
where tar is the target gene, t 0 is the sample at time 0, t i is the sample at time i and ref is the reference gene.
RESULTS

Validation of the experimental design
Verification of the (initial) CCR-free growth condition.
In this study, a glucose-limited chemostat was used as a tool to generate CCR-free growth conditions. As nearly all glucose is consumed in glucose-limited chemostats (Postma et al., 1989) , the CCR should be absent, according to the currently available models for regulation of catabolism. In order to verify the lack of CCR under these conditions, E. coli was grown in chemostat cultures at a growth rate of 0.2 h 21 using the glucose-limited growth medium (that was used throughout this study) with the addition of 20 mM lactose. Immediate and complete consumption of both carbon sources would confirm the lack of CCR. Carbohydrate analysis indeed showed that during steadystate growth in the chemostat, both glucose and lactose were consumed to undetectably low levels, indicating that the CCR is not operative under the steady-state conditions selected (data not shown; see also Lendenmann & Egli, 1995) .
Validation of unrestricted oxygen availability after induction of CCR. As reported previously, maintaining fully aerobic conditions during high cell densities in fastgrowing cultures is challenging from a technical point of view (e.g. Bekker et al., 2007) . We therefore assessed the minimally required conditions for this. After reaching the steady state of CCR-free conditions of continuous growth, the culture was perturbed with addition of glucose to a final concentration of 50 mM (i.e. 9 g l 21 ). Medium inflow into the reactor vessel was interrupted concomitantly, thus allowing the culture to grow as a batch culture whilst pH, air supply rate, stirring rate (at 400 r.p.m.) and temperature were all kept constant. To select a proper sampling period for subsequent transcript and proteome analyses, growth, glucose consumption and the formation of fermentation end products were monitored after this perturbation of the culture with a glucose pulse. When using a stirring rate of 400 r.p.m., at 80 min after the glucose pulse, formate starts to be formed. Since the formate-forming enzyme, pyruvate formate lyase, is inactivated rapidly by small amounts of oxygen, this indicates that after 80 min the culture is no longer fully aerobic. Presumably related to this, the growth rate reaches a maximum after 100 min (Fig. S1 ). Based on these results it was decided to increase the stirring rate in the chemostat culture vessel from 400 to 600 r.p.m. to prevent lack of dissolved oxygen in the growth medium for the duration of the experiment. Indeed using a higher stirring rate resulted in lack of formation of formate and also led to continued exponential growth for the entire 120 min period. This confirms that in this specific setup a stirring rate of .400 r.p.m. is required for full aerobiosis during exponential growth after a glucose pulse, confirming previous observations from Bekker et al. (2007) on the practical challenges of aerobic growth in batch culture experiments.
Validation of the initiation of the CCR response at the transcriptional level. To further confirm that glucose repression was successfully initiated by the glucose pulse, quantitative real-time (qRT)-PCR was used to measure the relative expression level of a selected set of genes. Based on previous microarray analysis (Gosset et al., 2004) , genes affected by addition of glucose were selected as an indicator for initiation of the CCR. The phosphotransferase system (PTS) glucose transporter enzyme IIBC, encoded by ptsG, and crp, the gene encoding the global transcriptional regulator CRP, were selected as they were shown to be induced and repressed by glucose, respectively. Furthermore, b-galactosidase, encoded by lacZ, was selected as a gene representing enzymes for which the expression level would not be altered significantly by glucose because of the absence of lactose.
qRT-PCR results confirmed the downregulation of the crp gene expression level, whilst the level of lacZ expression only showed a slight downregulation, which is in agreement with the results of previous studies (Fig. 2 ) (e.g. Gosset et al., 2004) . In contrast to previous findings (Gosset et al., 2004) , however, the expression of ptsG was repressed significantly. This difference may have resulted from any of a large number of factors related to the culture conditions selected in this investigation. Considering that prior to the glucose pulse the glucose transporter (ptsG) will have been highly expressed, i.e. during the period when glucose is limiting, the addition of excess glucose presumably will lead to a decrease in the expression level of the glucose transporter, because of the accumulation of glucose 6-phosphate that would otherwise occur in the cells.
To verify the results obtained with qRT-PCR, time-series monitoring of the complete transcriptome using microarray analyses was performed (see Table 1 ). This transcriptome analysis of the CCR response showed that 70 % of the observed regulation was in agreement with previous observations (Gosset et al., 2004) . The majority of the genes that were expressed differently are involved in amino acid metabolism, central carbon metabolism and membrane proteins, including transporters and respiratory chain proteins (see Table 1 ). Some of the observed differences are discussed in more detail below.
Physiological performance of E. coli growing at steady state under glucose-limited conditions None of the previously performed studies on CCR were able to carry out an exact physiological analysis of the corresponding CCR-free conditions. Here, three biological replicates of glucose-limited cultures were analysed, with growth at a dilution rate of 0.20±0.01 h
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. Neither fermentation end products nor residual glucose were observed to be present in the growth medium in all three biological replicates. The results of carbon flux analysis and biomass measurements showed that the steady-state conditions generated by glucose-limited chemostats resulted in highly reproducible data (see Table 2 ). This confirmed is plotted against time, as well as the ratio of the specific rate of CO 2 production, q CO2 , over Y x/s (&). These values were calculated for the time intervals shown in Fig. 4(a) . Data are mean±SEM of three independent experiments. For further details, see Methods. again the suitability of the selected experimental setup for studying the CCR response.
Physiological performance of E. coli during a glucose pulse experiment
The growth yield of bacteria is maximal when they grow in batch culture under optimal conditions (i.e. at m max ) because of the relatively low energy requirements for maintenance. However, often their growth yield is much lower than this maximal value, e.g. because the cells are subject to specific limitations (Schlegel, 1993) . Likewise, the relatively low growth rate in the chemostat (e.g. 0.2 h 21 ) will also lower growth yield (due to the high fractional rate of maintenance energy consumption) to less than the theoretical maximal value. The results displayed in Fig. 3 show that at a growth rate of 0.2 h 21 the growth yield of E. coli is 0.45 g g
21
.
One hour after activation of the CCR response, the growth rate of the E. coli cells increased to 0.51±0.03 h 21 (and slightly increased thereafter; Fig. 4a ). The specific glucose uptake rate (q s ) increased sharply during the first 30 min and then stayed at an upregulated level as compared with the steady-state condition (Fig. 4b) . As expected, activation of the CCR response by addition of a glucose pulse resulted in the immediate accumulation of acetate. Such acetate production is observed commonly in E. coli growing on high-glucose-containing media even if the culture is saturated with oxygen (Delgado & Liao, 1997) . Interestingly, following Gosset et al., 2004) . dGenes expressed differently between these two studies. Carbon catabolite repression in E. coli a sharp increase in the specific rate of acetate formation (q acetate ) after the first 15 min, there was a gradual decrease in this rate in the subsequent growth phases (Fig. 4b) . During this same period the growth yield first decreased to a minimal value of 0.31 g g 21 after 15 min, after which it gradually recovered and then increased to a maximal value of 0.66 g g 21 after 90 min (Fig. 3) .
DISCUSSION
The ability to access and rapidly metabolize their most preferred carbon source has a significant impact on bacteria in a competitive environment where carbon sources are available in limited amounts (i.e. usually present in the mg l 21 range; Lendenmann & Egli, 1995) . The CCR mechanism provides bacteria with the ability to use selected nutrients preferentially and exclusively, to ensure the highest biomass production (rate) possible (Deutscher et al., 2006; Görke & Stülke, 2008; Postma et al., 1993) . Traditionally, studies of CCR are performed in a batch culture, in combination with a peptide/amino acid-based complex medium or a minimal medium. Then, most often the results observed during growth in the presence of different carbohydrates are compared and validated. The lack of a proper reference condition in this approach has led to complicated results derived from multiple comparisons and/or a CCR-activated reference condition (Gosset et al., 2004; Liu et al., 2005; Silva et al., 2006; Vollmer et al., 2003) .
Here, we present a new experimental design that is suitable for any CCR study, and especially also for simultaneous transcriptome and proteome analyses. As outlined in the schematic workflow, in this approach the chemostat is used to generate a highly reproducible steady state as a starting point for the experiments, in which a carbon catabolite de-repressed state is required. This characteristic of the cells at steady state was confirmed by the ability of the E. coli cells to utilize glucose and lactose at the same time. The ability of E. coli, growing in a glucose-limited chemostat at a very low concentration of glucose, to immediately start consuming different sugars, when the latter are added, is in accordance with previous observations (Lendenmann & Egli, 1995) . Additionally, this carbon catabolite de-repressed condition can be established at high cell densities by proper choices regarding the composition of the defined minimal medium, in which glucose is the sole carbon source. This approach thus also allows for a well-defined route of carbon metabolism and a detailed physiological analysis of the CCR. Also, it obviates the need for use of a rich medium, with an ill-defined carbon source, which will affect the expression of selected genes (see Table 1 ), which then may lead to confusion about the CCR effect. Moreover, here the CCR induction was performed in a controlled environment in which all the growth-controlling factors, such as glucose availability (carbon source) and dissolved O 2 concentration , were in excess, whilst pH and temperature were kept constant. Such a well-controlled culture condition allows one to monitor the uninterrupted CCR response during a 120 min period (Fig. 4a ). Time-series measurements then allow one to dissect the gene and protein regulation cascades of CCR during a time window of at least 1 h. Unlike other glucose pulse experiments (Buchholz et al., 2002; Chassagnole et al., 2002; Schaefer et al., 1999; Schaub & Reuss, 2008; Sunya et al., 2012) , CCR induction was performed here by using a higher concentration of glucose than that of the feed medium for the chemostat, creating an absolute glucose-excess condition. In this condition, the glucose uptake rate exceeds the metabolic capacity of E. coli as is evident from the lower biomass yield on glucose (i.e. Y x/s ; see Fig. 3 ) and the high rate of acetate production ) in each period was also calculated and plotted ( $ ). All data are mean±SEM from three independent experiments. For further details, see Methods.
(i.e. q acetate ) during the first 15 min after the glucose pulse (Fig. 4b) .
During this period, expression of the ptsG was downregulated, presumably in order to decrease the rate of glucose uptake that would be disproportionate to the metabolic capacity of the cells. This downregulation of ptsG is in agreement with the results of the time-series microarray analysis (see Table 1 ), and is possibly due to (i) the lack of cAMP-CRP complex and/or (ii) degradation of the ptsG mRNA via base-paring with the SgrS small RNA that is induced under glucose-phosphate stress and/or an imbalance of the glycolytic flux (Richards et al., 2013; Vanderpool, 2007) . During a period of 30 min after the glucose pulse, the imbalance of the glycolytic flux was overcome, as the growth rate increased again to values close to the maximum growth rate of E. coli under these conditions, whilst the ptsG expression level recovered close to the pre-pulse level (possibly with a slight overshoot that was also visible in the glucose uptake rate; see also Fig. S2 ). This downregulation of ptsG was not observed in a previous CCR study (Gosset et al., 2004) , which suggests that the amino acids and peptides in Luria-Bertani medium that was used in that investigation provide extra glycolytic intermediates, and hence a higher metabolic capacity, which results in the upregulation of ptsG. We note here that the normalized expression levels of all the selected genes in this study are subject to a slight overestimation as the ribosomal gene, rimM, which was used as the reference gene in this study, was very slightly upregulated according to the results of the time-series microarray analysis (data not shown).
Interestingly, at growth rates of ,0.4 h
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, there is a linear correlation between the growth rate and the glucose uptake rate, as both are increasing proportionally after the glucose pulse (Fig. 4b) . When the growth rate is .0.4 h 21 , the glucose uptake rate saturates at a significantly higher rate as compared with the steady-state conditions in the chemostat. This proportionality between the growth rate ,0.4 h 21 and the glucose uptake rate has been observed previously in E. coli growing in a glucose-limited chemostat by varying the growth rate between 0.1 and 0.4 h 21 (Kayser et al., 2005) . This consistency between our results and those obtained in a chemostat confirms that our glucose pulse experiment carried out in the batch mode was as well controlled as a chemostat experiment.
To assess the overall catabolic efficiency, the yield on glucose (Y x/s ) was calculated for each growth phase (see Fig. 3 ). Y x/s decreases during the first 15 min and then recovers in the next two periods, i.e. up to 90 min, opposite to the gradually decreasing ratio of q CO2 /Y x/s . The low ratio of q CO2 /Y x/s is indicative of a high catabolic efficiency, which is consistent with the increase in biomass yield. Unexpectedly, our observed Y x/s is slightly higher than the maximum values typically reported in the literature, e.g. 0.54 (Schulze & Lipe, 1964) and 0.60 g g 21 (Kayser et al., 2005) . However, Y x/s could surpass this value when there is a small accumulation of acetate (Kayser et al., 2005) , which was observed as well in our experiments after a glucose pulse. The decrease in Y x/s during the first 15 min may be due to a decrease in overall catabolic efficiency (or the H + /e 2 stoichiometry of the electron transfer chain specifically; see further below). Timeseries microarray analysis results show that the expression of the regulon expressing the NADH dehydrogenase (NDH)-I complex is downregulated in this period and recovers subsequently, thus supporting this hypothesis (see Fig. S5 ).
Calculations based on a simplified model for catabolism of E. coli (see also legend to Fig. S3 ) revealed that the H + /e 2 ratio of the cells increases with the growth rate between 5 and~45 min (Fig. S3 ). This ratio increases from~3 (during steady-state growth) to~4 at 30 min after the glucose pulse (paralleled by an increase in growth rate to 0.4 h
) to a value .8 at the m max . The increasing H + /e 2 ratio indicates that the NDH-I and cytochrome bo oxidase of the respiratory chain contribute more and more significantly to energy conservation in catabolism, and that the PoxB enzyme and the cytochrome bdII complex show low or no activity under these conditions. Indeed, the results in Table 1 show that apparently poxB was expressed during chemostat growth, but was repressed strongly during CCR. At the maximal growth rate, the calculated H + /e 2 stoichiometry is much higher than the theoretical maximum (i.e. 4) (Puustinen et al., 1989; Wikström, 1984 ; see also Sharma et al., 2012) . This overestimate may be due to multiple factors, one of which is an error in the estimate of the ATP costs of biomass formation. Glucose-limited growth, for instance, may require more ATP for biomass formation than growth under glucose-excess conditions, due to the decreased requirement for catabolic proteins under thermodynamically more favourable conditions of glucose excess (Flamholz et al., 2013) . That such a transition may also be relevant during CCR is suggested by the observation that expression of pfkA decreases, and that of edd and eda increases, after the glucose pulse (data not shown). The numerical consequences of such a shift are difficult to estimate because (increased) use of the Entner-Doudoroff pathway will tend to increase the H + /e 2 ratio as a result of the lower ATP yield of substrate-level phosphorylation of this pathway as compared with the Embden-Meyerhof pathway.
In support of the notion that faster growth of E. coli is accompanied by an increase in efficiency of biomass formation, Kayser et al. (2005) reported up to 50 % increase in biomass yield on ATP for growth in glucose-limited chemostats at 28 u C and using the assumption of a constant H + /e 2 stoichiometry. Both their data and ours (Fig. 3 ) show a higher biomass yield at higher growth rates. Also, when their data are used to calculate the H + /e 2 stoichiometry, values are obtained that are higher than the theoretical maximum value of 4 (see Fig. S4 ). The combined results suggest that there is a clear correlation between the growth rate and growth efficiency; however, for a detailed numerical interpretation of such data much more detailed physiological insight into the catabolic 'fluxome' of E. coli is required, in combination with a detailed analysis of the composition of the cells in terms of its macromolecular composition: higher yields at higher growth rates would be expected to be accompanied by relative increases of lipid and polysaccharide as compared with protein (and nucleic acid).
